INTRODUCTION
Beryllium metal has physical, mechanical, and nuclear properties that are uniquely suitable for a number of applications in the nuclear and aerospace industries. However, the technical and economic problems encountered in fabricating a variety of structural shapes have limited the use of beryllium as an engineering material. The fabrication problems are accentuated when large surface-of-revolution shapes having thin-wall sections are required. Such pieces are normally machined from large blocks or thick-wall, hollow billets that have been produced by powder metallurgy ·methods, utilizing hot-pressing and sintering techniques and equipment. Quite often, up to 95% of the original block or billet is converted to machining chips in producing the finished part because extra material is required to assure a uniform sintered structure throughout the billet. It is also common, in long parts, to discover, during machining, undesirable low-density areas in wall sections that were caused by segregation and banding of the powder particles during the mold-loading, hot-pressing, and sintering operations.
To alleviate these problems, a program was initiated at the Oak Ridge Y-12 Plant(a) to develop combined plasma-spraying and sintering methods capable of producing thin-wall beryllium shapes requiring minimum machining to obtain the specific dimensions required by the designer. The purpose of this report is to present the results of the program. 
FABRICATING THIN BERYLLIUM STRUCTURES

PLASMA-SPRAY TESTS
A series of plasma-spraying tests were made to determine the optimum spray-gun electrode configuration, spraying parameters, and beryllium-powder-size range that would produce well-deformed splats and strong structures in the as-sprayed condition. Figure 1 is a sketch of the plasma-gun electrode configuration that gave the most consistent results. With an optimum cathode/anode pair, an acceptable beryllium-powder particle-size range was found to be~ 270 + 400. mesh (53 to 36 J,Lm). Figure 2 is a typical beryllium particle-size distribution curve obtained with a Coulter
Counter. Using argon for both the arc and powder-carrier gas systems, deposition efficiencies of about 500/q were consistently obtained with an arc current of 380 A, on electrode potential of 30 V, an arc gas flow rate of 1 standard m3/hr, and a stand-off distomc:a of 10 em.
It was recognized at the beginning of the program that proper sintering of the plasma-sprayed beryllium would require the addition of a suitable sinleriny aid to the deposited structure. A number of references were found that revealed the effectiveness of silicon in promoting the sintering of compacted beryllium particles. As a result, the program effort was devoted mainly to the use of silicon in the form of small, discrete particles, uniformly dispersed within the sprayed structure, as the primAry sintering aid. This approach appeared to be a simple and inexpensive way to take advantage of the desirable properties of silicon.
A quantity of fine silicon powder was obtained and a number of different powder blends of beryllium and silicon particles were prepared and sprayed. The silicon-particle-size range was about 4 to 30 micrometers. Figure 3 is a typical particle-size distribution curve for this material as determined by the Coulter Counter ..
., If small amounts of silicon powder were properly blended with the beryllium powder in a conventional V-type blender, a negligible change in the composition occurred when the powder was passed through the plasma gun and deposited. To provide material for sintering experiments, a number of sprayed specimens were made in the form of tubes.(6.4 em 10, 7.6 em long, and with wall thicknesses of 0.15 em). The silicon content was varied within the range of 1500 to 5000 ppm. The porosity of the sprayed material was varied from 15 to 25 val%.
To obtain data related to the strength of plasma-sprayed and sintered material, techniques were developed for plasma spraying flat strips on a rotating mandrel. Sets of flat strips were made with the same spraying conditions as were used to make tubular specimens. The strips were sintered and t~sted as transverse rupture specimens to obtain representative tensile strengths of sprayed and sintered beryllium.
DENSIFICATION AND STRENGTHENING BY SINTER lNG Sintering
Initial work was performed with beryllium rings that were plasma sprayed into rings, as just described. Vacuum (1 0-5 to 1 Q-6-torr) sintP.ring. of the sprayed parts at 1100 to 12000 C increased their density, but sintered densities were lower than desired. When sprayed parts were placed on high-purity alumina hearths during the sintering operation, higher densities were obtained. Packing whole parts in fine (< 1 J.Lm) high-purity alumina powder and vacuum sintering at 12000 C for one hour produced essentially full-density parts. These parts, however, had picked up about 3% aluminum by reduction of the alumina powder, which constituted an excessive amount of alloying to the beryllium. In place of the alumina components, tungsten sheet was formed into cans and hearths to contain the sprayed rings during sintering. No reaction was noticed between the beryllium and tungsten except for a whitish film on the tungsten sheet which was in contact with the beryllium. This film on the tungsten plate and sheet was probably beryllium oxide, which served to prevent any bonding between the two metals.
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;; Since full densification was not achieved by vacuum sintering the sprayed parts at 12000 C, use of silicon as an activating agent was considered. Several references to the behavior of si Iicon in enhancing the sinterability of beryllium have beeri reported. (1 ,2) To closely control the amount of additive, the silicon powder was added in amounts of 0.1 to 0.5 wt % directly to the beryllium powder before plasma spraying. Sintering tests indicated that about 0.3% silicon was required for consistently obtaining high-density parts. Plasma spraying the blended powders did not alter the composition to any great extent. Microprobe analyses showed that the small discrete particles of silicon'seen in the sprayed layers were essentially unchanged after the sintering step.
Microprobe results for the unsintered and sintered structures are presented in Figures 4 and 5, respectively. Each figure shows the secondary electron videograph along with videographs depicting the silicon and tin mounting-material areas. Less tin response is seen in Figure 5 due to the higher density of the sintered material.
Nearly full density was obtained by heating the beryllium-0.3 silicon (Be-0.3 Si) parts in vacuum to 12000 C, but large amounts of beryllium were. evaporated. Parts were sintered in argon at 12000 C, but the sintered density decreased from that obtained with vacuum sintering . Sintering was again performed in vacuum; but, to offset the losses of beryllium, argon was introduced into the sintering furnace chamber at temperatures of 10000 Cor less unti I a pressure of 127 torr was reached . (After some experimenting, 7000 C was chosen as the temperature to raise the pressure in the sintering furnace.) The furnace was then heated to 12000 C for the final sintering operation. This procedure resulted in the best combination of density rP.sults and low beryllium losses. Table 1 gives some typical mercury porosimeter data for sprayed and sintered Be-0.3 Si parts sintered by this cycle. Considerable outgassing was noted for each vacuum sintering cycle in the temperature range of 200 to 300° C. An explanation and discussion of this outgassing follows.
Sintering Mechanism
Silicon has been shown to activate the sintering ot beryllium during vacuum hot pressing when added in quantities of less than 1000 ppm.(1,2) Silicon modifies the beryllium oxide phase, allowing enhanced beryllium diffusion along the grain boundariP.s. In the present work, at least 3000 ppm silicon was required to attain a high density in the plasma-sprayed material. Microprobe and microstructural examination did not produce evidence of any change in appearance of the silicon-rich regions during sintering . Particularly, no evidence of liquid-phase sintering was observed. The electron microprobe videographs in Figures 4 and 5 indicate that the silicon remains in granular form and is uniformly but sparsely dispersed throughout the structure. Silicon is probably volatilized during the sintering operation, allowing it to permeate the porous structure and concentrate at the plasma-sprayed contact areas, thereby promoting diffusion of beryllium through the beryllium oxide layers.
Sintering in the low-pressun'l araon ntmosphere prevented beryllium losses and still enabled high-density parts to be produced. The vacuum outgassing portion of the sintering cycle from room temperature to 7000 C served to remove any volatiles from the plasma-sprayed structure. Large amounts of· volatiles were always removed at 200-3ooo C. This action is probably due to beryllium hydroxide being formed by the reaction of beryllia and water vapor and then volatizing at 200 to 3000 C in vacuum. Thus, the exposure of sprayed beryllium to moist air followed by slow heating would allow the beryllium oxide layers to be partially removed. Hutchison and Malm(3) have discussed the high volatility of beryllia when water vapor was present. Some amount of beryllia would thus be removed during the low-temperature outgassing treatment if the parts were first allowed to stand in moist air and absorb microscopic layers of water. This procedure was followed throughout this work to insure that the minimum beryllia films would exist at the particle contact areas, thus increasing the effectiveness of the activated sintering by the silicon.
Dcnsification of the rlr~smCJ-sprayed structure depended also on the as-deposited porosity value and the type of deposit. High sintered densities were always possible in the !Je-0.3 Si ( 1) An argon atmosphere was used from 700 to 1 ?QOO C.
system if the sprayed porosity was less than about 20% and the sprayed structure was composed of impacted splat-like particles. If greater than 20% porosity was present, or if rounded particles were deposited, creating large voids in the sprayed structure, complete densification was usually impossible. Figures 6 and 7 show an as-sprayerl structure and the same materiAl after sinlering. Mercury porosimetry indicated only 3.6% porosity, but some porosity that was closed to the intrusion of the mercury appears in the sintered microstructure.
J291-2A 
Simultaneous Sizing and Sintering
Production of precisely controlled beryllium shapes during the heat-treating, outgassing, sintering, and cool-down periods requires use of properly desigQed containment systems that will control the desired dimensions. After consideration of the temperature, thermal expansion, chemical reactivity, and fabrication requirements for a system capable of sizing a shape during sintering, it appeared that best results could be obtained with an internal containment fixture made of W-3 .5 Ni-1.5 Fe alloy. This material is routinely produced in the Oak Ridge Y-12 Plant and offers a number of advantages : (1) a hollow billet could be quickly produced and machined to give the size and shape that would fit the available vacuum furnace; (2) the alloy would maintain its strength and very good dimensional stability to above 12000 C, and (3) the alloy would also provide essentially the same resistance to chemical reaction with beryllium as was observed with the tungsten support plates and shields used in contact with the small, tubular specimens dtJring the sintering development tests.
A sizing and sintering die was fabricated to accept a conical test part (20 em OD i'lt thP. IAr[JP. end, 16.2 em OD at the small end, and 15.6 em long). The conical die cavity was 20 em long with a diameter of 15.2 em at the small end. The conical die section was used to provide support for a mating part during shrinkage of the part and its resulting movement downward during the sintering cycle.
Test parts were made by plasma spraying Be-0.3 Si powder blenrls on the conical surface of a water-cooled, aluminum mandrel. Wall thickness of the parts was about 0.10 em. The mandrel surface was covered with a layer of graphite foil to facilitate removal of the sprayed part. It was found that in the as-sprayed condition these test parts were relatively strong and did not require special handling precautions. Porosity of the sprayed structure of the test parts was 16 to 18 vol %. 
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Examination of the test parts made by this method revealed excellent dimensional control of the sintered structure. Though the parts were thin and light, each part moved downward during the sintering period and maintained intimate contact with the inner die surface. The outside surfaces of the parts conformed to the inside die surface within 0.05 em.
The tendency for tungsten-beryllium compounds to form at the part-to-die interface, causing adherence and sticking problems, was recognized and considered. However, apparently enough surface oxides are produced during the lower temperature periods of the sintering cycle to prevent significant interface adherence reactions during the short time that the part is held at the maximum sintering temperature. Each finished part could be easily lifted from the fixture cavity. Figure 10 is a photograph showing both a plasma-sprayed and a sintered part; Figure 11 is a photograph showing a sintered part and the sintering fixture being loaded with an unsintP.rP.rl rr1rt
The tungsten-nickel-iron alloy used for the siLiny and sinteriny fixture per forrneu very well; however, a number of other materials would probably also give satisfactory results. Other refractory metals such as molybdenum and tantalum, graphite, high-temperature steels, and selected ceramic compounds offer the proper characteristics for use in fabricating sizing-fixture cavities. The scope of this development program was limited and provided for the use of W-3.5 Ni-1.5 Fe alloy only in developing the basic techniques.
MECHANICAL PROPERTIES
Transverse-rupture specimens were prepared by plasma spraying slrips 76 rnrn I x 25 mrn w x 1 mm t of the beryllium/silicon blended powder and sintering the strips under the same conditions as the parts listed in Table 1 . Six groups of six strips each were tested along with orte unsirt Lt:reJ specinten. The resulting data are reported in Table 2 the unsintered condition. Porosity levels of 1 to 9% were present in the tested specimens. The as-sprayed densities in Table 2 appear to affect the final sintered density, along with the mechanical properties.
